Sensitive, fast, reproducible, simple and accurate analytical methods are required for the determination of trace elements in geological, biological and environmental samples. The direct determination of extremely low concentrations of the required trace elements by modern atomic spectroscopic methods, such as atomic absorption spectrometry (AAS) and inductively coupled plasma atomic emission spectrometry (ICP-AES) is often difficult.
Sensitive, fast, reproducible, simple and accurate analytical methods are required for the determination of trace elements in geological, biological and environmental samples. The direct determination of extremely low concentrations of the required trace elements by modern atomic spectroscopic methods, such as atomic absorption spectrometry (AAS) and inductively coupled plasma atomic emission spectrometry (ICP-AES) is often difficult. 1 The limitations are not only associated with the insufficient sensitivity of these techniques but also with matrix interference. For this reason, the preliminary separation and preconcentration of trace elements from the matrix are often required. 2, 3 The most widely used techniques for the separation and preconcentration of trace elements include liquid-liquid extraction, 4 solid-phase extraction, 5, 6 coprecipitation, 7 ionexchange, 8 floatation 9 and electrochemical deposition. 10 Recently, solid-phase extraction (SPE) technique has become increasingly popular in compared with the more traditional liquid-liquid extraction methods. 11 SPE shows several major advantages over the classical liquid-liquid extraction technique. These include (i) the fast, simple and direct sample application in very small size (micro liter volume) without any sample loss; (ii) higher preconcentration factor; (iii) rapid phase separation; (iv) the ability of combination with different detection techniques in the form of on-line or off-line mode and finally (v) time and cost saving. The choice of solid-phase adsorbents is a decisive factor that affects analytical sensitivity and selectivity. The main requirements with respect to substances to be used as solid-phase extraction sorbents are as follows: possibility of extracting a large number of elements over a wide pH range, fast and quantitative sorption and elution, high capacity, regenerability and accessibility. Numerous substances have been proposed and applied as solid-phase extractants, such as chelating resins, metal oxides, polyurethane foam, active carbon, cellulose and microorganisms.
The chelating resins are frequently used in analytical chemistry for preconcentration of metal ions and for their separation from interfering constituents prior to the determination by an instrumental method, because of their high selectivity and capability of binding metals through groups attached to the support. The multiple coordination of metal ion on chelating resin makes it particularly useful for the collection of polyvalent metal ions. The chelating resins are mainly prepared by immobilization of ligands on various supports. Due to its high mechanical strength, good porosity, hydrophilicity, swelling stability and eco-friendliness, silica gel is an attractive support for designing chelating resins. 12, 13 The surface of free silica gel acts as a weak cation exchanger via its silianol groups. Its functionalization by organic complexing agents either chemically 14 or physically 15 greatly enhances the metal ion sorption capacity or improves its selectivity for metal ions, which may be used for their removal, separation or preconcentration prior to determination with AAS or ICP-AES. The selectivity and the adsorption capacity of the chelating resins depend on both the structure and the nature of the ligand immobilized. 16, 17 1-Phenyl-3-methyl-4-benzoylpyrazol-5-one (PMBP) is a widely used organic chelating agent that can form complexes with more than 40 metal ions, and has a larger formation constant with rare earth elements. It has found numerous applications in rare earth elements separation and preconcentration by solvent extraction. [18] [19] [20] Adams et al. used the knotted reactor as solid sorbent to retain the metal-PMBP complexes for the preconcentration of REEs 21 and Cu and Mn. 22 Hitherto, no study on the use of silica gel loaded with PMBP as sorbent for rare earth elements preconcentration has been available.
In the present work, we prepared the PMBP loaded silica gel through the physical adsorption of PMBP from organic solvents onto the silica surface, and we used it for the preconcentration of rare earth elements. The influences of experimental parameters, such as pH, sample flow rate and volume, elution solution, were evaluated. The proposed method was applied to the determination of trace REEs (La, Eu, Yb and Y) in geological and environmental samples by ICP-AES.
Experimental

Apparatus
An Optima 2000DV inductively coupled plasma atomic emission spectrometer (Perkin Elmer Instruments, Shelton, CT, USA) equipped with the standard torch assembly and conventional cross flow nebulizer was used for the determination of REEs.
The operation conditions and the analytical wavelengths are summarized in Table 1 
Standard solution and reagents
Stock standard solutions (1000 µg mL -1 ) of La, Eu, Yb and Y were obtained from the National Institute of Standards of China (Beijing, China). Working standard solutions were obtained by appropriate dilution of the stock standard solutions. A 1.0 × 10 -2 M solution of PMBP was prepared by dissolving appropriate amounts of this reagent in absolute ethanol from the commercially available product (The First Reagent Factory, Shanghai, China). All the reagents used were of analytical grade or better. Doubly distilled water was used throughout the work.
Silica gel (40 -60 mesh, Qingdao Ocean Chemical Factory, Qingdao, China) was boiled with (1 + 1) nitric acid for 1 h, then immersed in (1 + 1) hydrochloric acid for 24 h, and finally washed with doubly distilled water until no chloride appeared in the washings. The purified silica gel was dried at 120˚C for 24 h before use.
Preparation of sorbent
A 1.0-g amount of purified silica gel was put into a beaker, 100 mL of 5.0 × 10 -3 mol L -1 solution of PMBP in absolute ethanol was added to the beaker and the mixture was stirred for 1 h by a magnetic stirrer for impregnating PMBP onto silica gel. After filtration, the product was washed with doubly distilled water and dried on 70˚C for 6 h. In order to determine the amount of PMBP fixed on silica gel, we measured the PMBP in the starting solution and the final solution spectrophotometrically at 264 nm. The sorption capacity (a, mol g -1 ) is calculated as: a = (C0 -C) V/m, where C0 and C are the initial and equilibrium concentrations of PMBP in the solution in mol L -1 , respectively; V is the solution volume in liters; and m is the silica gel mass in grams, which was found to be 0.34 mmol g -1 .
Column preparation A 50-mg amount of modified silica gel poured into a PTFE microcolumn (20 mm × 3.0 mm i.d.) plugged with a small portion of glasswool at both ends. Before use, 1.0 mol L -1 HNO3 solution and doubly distilled water were passed through the column in order to clean and condition it. Then, the column was conditioned to the desired pH with 0.1 mol L -1 NH4Cl buffer solution.
General procedure for preconcentration
A 100 mL portion of aqueous sample solution containing La, Eu Yb and Y was prepared, and the pH was adjusted to 5.0 with 0.1 mol L -1 HCl and 0.1 mol L -1 NH3·H2O. The solution was passed through the column at a flow rate of 2.0 mL min -1 by using a peristaltic pump. After loading, a further washing with buffer solution served to remove the sample still present in the lines and in the column. Finally, the REEs retained on the microcolumn were eluted with 1.0 mL 2.0 mol L -1 HNO3 solution. The analytes in the eluent were determined by ICP-AES. The column could be used repeatedly after regeneration with 2.0 mol L -1 HNO3 solution and distilled water, respectively.
Sample preparation
The samples were dissolved by digestion with aqua regia and hydrofluoric acid in a microwave oven. Portions (250 mg) of a stream sediment reference material (GBW07303) and a rock reference material (GBW07104) were accurately weighed into a closed PTFE container, 7.5 mL aqua regia and 2.5 mL hydrofluoric acid were added and the container was subjected to a power program (590 kPa for 1 h) in the microwave oven. A ten-fold volume of a saturated solution of boric acid was then added to convert the excess fluorides into tetrafluoroborates, the solution was heated to near dryness and the residue was dissolved in 0.1 mol L -1 HNO3. After cooling, the resultant solution was made up to a volume of 100 mL with doubly distilled water. The REEs content was determined by following the preconcentration procedure described above.
Results and Discussion
The stability of modified silica gel
In order to test the stability of modified silica gel, 50 mg modified silica gel was mixed with 10 mL different aqueous solutions between 2.0 mol L -1 HNO3 and pH 8.0 and shaken for 30 min. The supernatants were measured spectrophotometrically at 264 nm and no PMBP was detected. It is shown that the modified silica gel is fairly stable in the solutions that will be used in the subsequent experiments.
Effect of pH on the adsorption of REEs
In order to evaluate the effect of pH, we adjusted the sample solutions to a pH range of 1 -8 with HCl or NH3·H2O and we processed the solutions according to the recommended Parameters procedure. The recoveries of the ions studied at various pHs are shown in Fig. 1 . As can be seen, quantitative recoveries (>95%) were obtained in the pH range of 5 -8 for the ions studied. So a pH of 5.0 was selected as the compromise condition for the subsequent work.
Effect of flow rates of sample solutions
In the column SPE system, the flow rate of the sample solution is one of the most important parameters, because it not only affects the recovery of analyte, but also controls the time of analysis. Therefore, the effect of the flow rate of sample solution was examined under the optimum conditions (pH, eluent, etc.). It was found that the flow rate in the range of 0.5 to 2.0 mL min -1 had no significant effect on the recoveries of the studied REEs. Thus, all subsequent experiments were performed at a flow rate of 2.0 mL min -1 , the highest flow rate of the manifold used in this experiment.
Elution of REEs
In order to elute REEs adsorbed on modified silica gel, we studied various concentrations of HNO3 as eluent. The elution data are given in Table 2 . As can be seen, 2.0 mol L -1 HNO3 was sufficient for complete elution. The effect of eluent volume on the recovery of analyte was also studied by keeping the HNO3 concentration of 2.0 mol L -1 . It was found that quantitative recoveries (>95%) could be obtained with 1.0 mL eluent. Therefore, 1.0 mL of 2.0 mol L -1 HNO3 was used as eluent in the following experiments.
Effect of the sample volume
In order to explore the possibility of enriching low concentrations of analytes from large volumes, we also investigated the effect of sample volume on the recoveries of REEs. For this purpose, 25, 50, 100, 150 and 200 mL of sample solutions containing 1.0 µg of the studied REEs were processed according to the recommended procedure. As can be seen from Fig. 2 , quantitative recoveries (>95%) for the studied ions were obtained for sample volumes up to 100 mL. Above 100 mL the recoveries for the analytes decreased less than 90%. In this experiment, 100 mL of sample solution was adopted for the preconcentration of REEs from water sample, and the adsorbed ions can be eluted with 1.0 mL of 2.0 mol L -1 HNO3, so an enrichment factor of 100 is achieved by this method.
Adsorption Capacity
The adsorption capacity is an important factor, because it determines how much sorbent is required to quantitatively concentrate the analytes from a given solution. The adsorption capacity of the modified silica gel was determined for each REE by the batch technique. Modified silica gel (50 mg) was equilibrated by shaking for 1 h in the excess REEs solution (50 mL, 10 µg mL -1 ) at optimum adsorption pH 5.0. Then the silica gel was filtered off and the concentration of the remaining REEs in the solution was determined by ICP-AES. The adsorption capacity values for La, Eu, Yb and Y were found to be 0.208, 0.249, 0.239 and 0.224 mmol g -1 , respectively.
Effects of coexisting ions
The effects of common coexisting ions in natural water samples on the recoveries of La, Eu, Yb and Y were also studied. In this experiment, 20 mL solutions of 0.1 µg mL -1 of the REEs ions containing the added interfering ions were treated according to the recommended procedure. The tolerance limits of the coexisting ions, defined as the largest amount making the recoveries of the studied elements less than 90%, are given in Table 3 . As can be seen, the modified silica gel has shown a 1187 ANALYTICAL SCIENCES OCTOBER 2005, VOL. 21 high tolerance limit for alkali and alkaline earth metals. This is particularly useful for the analysis of REEs in natural samples, for example, seawater, which contain large amounts of alkali and alkaline earth metal ions.
Detection limits and reproducibility
The detection limits (evaluated as the concentration corresponding to three times the standard deviation of 11 runs of the blank solution) of this method for La, Eu, Yb and Y with an enrichment factor of 100 are 82, 34, 45 and 56 ng L -1 , respectively; and relative standard deviations (RSDs) are 3.5, 4.5, 2.4 and 5.2%, respectively (n = 9, C = 10 ng mL -1 ).
Analysis application
The proposed procedure was applied for the determination of the contents of La, Eu, Yb and Y in a stream sediment reference material (GBW07303) and a rock reference material (GBW07104), and the recoveries of spikes of the studied ions were also studied. The results are shown in Table 4 . The analytical results obtained were in good agreement with the certified values and the recoveries were reasonable for trace analysis, in a range of 94 -101%.
Conclusion
Solid-phase extraction of La, Eu, Yb and Y on silica gel modified with PMBP provides an efficient separation and preconcentration procedure for the determination of trace rare earth elements by ICP-AES.
All REEs can be easily concentrated 100 times. The proposed method is excellent as regards simplicity, sensitivity, precision and accuracy, and can be applied for the determination of trace REEs in biological and environmental materials.
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